We propose an asymmetric double quantum well structure with a common continuum and investigate the effect of resonant tunneling on the control of coherent electron population transfer between the two quantum wells. By numerically solving the motion equations of element moments, the almost complete electron population transfer from initial subband to the target subband could be realized due to the constructive interference via flexibly adjusting the structure parameters.
I. INTRODUCTION
Coherent population transfer among discrete quantum states in atoms and molecules has attracted tremendous attentions [1, 2] over the past decades, due to its potential application to atomic optics [3] , preparation of entanglement [4] and quantum computation [5] . The most robust technique for achieving efficient population transfer is stimulated Raman adiabatic passage (STIRAP) [1, 2, 6] , by which perfect population transfer has been studied in a three-level Λ system particularly. Moreover, the case when the upper isolated discrete level is replaced with a continuum was suggested initially by Carroll and Hioe [7] . In their model, the continuum could serve as an intermediary for population transfer between two discrete states in an atom or a molecule by STIRAP. However, complete population transfer is unrealistic, significant partial transfer may still be feasible [8, 9] .
Recently, there is great interest in extending these studies to semiconductor nanostructures [10, 11, 12, 13] for the possible implementation of optoelectronic devices. In the conduction band of semiconductor quantum structure, the confined electron gas exhibits atomiclike behaviors. The intersubband energies and electron wave function symmetries could be engineered, with a flexibility unknown in atomic systems, to suit particular requirements.
Therefore, several quantum optical coherence and interference effects have been investigated within intersubband transitions of semiconductor quantum wells(QWs), such as electromagnetically induced transparency(EIT) [14] , tunneling-induced transparency [15] , enhancement of Kerr nonlinearity [16, 17] , ultrafast all-optical switching [18] , four-wave mixing [19] , Rabi osillations [20] , and coherent population trapping(CPT) [21] .
In the present paper, we design a n-doped asymmetric AlGaAs/GaAs double QW with a continuum (Fig. 1) , which has four conduction subbands with a closely separated excited doublet. It is well known that, for an excited-doublet four-level atom system, the quantum interference effect can lead to depression or even cancellation of spontaneous emission from the excited doublet to the lower levels [22, 23, 24] . Considering above, some of us [25] demonstrated that a complete population transfer from an initial state to another target state and an arbitrary superposition of atomic states could be realized with the STIRAP technique. However, the spontaneous decay is intrinsically incoherent in nature and detrimental to coherent population transfer, Zhu et al. [26] investigated that the remarkable enhancement or suppression of population transfer can be realized through the spontaneous emission constructive or destructive quantum interference even with a finite pulse area. In contrast to the excited-doublet four-level atom, in our structure, the quantum tunneling to a continuum from the excited doublet could give rise to the Fano-type interference [27] , which has been observed experimentally in semiconductor intersubband transitions [28] and the sign of quantum interference (constructive or destructive) in optical absorption can be reversed by varying the direction of tunneling from the excited doublet to a common continuum [29] . Therefore, in the present paper, we will analyze the controllability of the coherent electron population transfer in the four-subband double QW structure via tuning the sign of quantum interference due to resonant tunneling, the splitting of the excited doublet (the coupling strength of the tunneling), and the Fano-type interference. By numerically solving the motion equations of element moments, the almost complete electron population transfer between QWs could be realized due to the constructive interference by suitably adjusting the structure parameters. The n-doped asymmetric GaAs/AlGaAs double QW under consideration is shown in Fig. 1 . One Al 0.07 Ga 0.93 As QW with thickness of 8.3 nm is separated from a 6.9 nm GaAs QW by a 4.8 nm Al 0.32 Ga 0.68 As potential barrier. On the right side of right well is a 3.4 nm thin Al 0.32 Ga 0.68 As barrier, which is followed by a thick Al 0.16 Ga 0.84 As layer. In this structure, the energies of the ground subbands |1 and |2 for the two wells are obtained as 51.53 meV and 97.78 meV, respectively. Two closely spaced delocalized upper levels |3 and |4 , with the energies 191.30 meV and 203.06 meV respectively, are created by mixing the first excited subband of the shallow well |se and the first excited subband of the right deep well |de by tunneling. The dash lines denote the energy subbands and the solid curves represent the corresponding wave functions. The subband |1 and subbands |3 and |4 are coupled by the pump laser (the amplitude E p and center frequency ω p ) with the Rabi frequencies Ω p = µ 13 E p / and kΩ p = µ 14 E p / , respectively. The subband |2 and subbands |3 and |4 are coupled by the Stokes laser (the amplitude E s and center frequency ω s ) with the Rabi frequencies Ω s = µ 23 E s / and qΩ s = µ 24 E s / , respectively. The Rabi frequencies of the pump and Stokes pulses are assumed to be Gaussian shape with the amplitude envelopes of the form
, respectively, where τ is the pulse duration, and T p (T s ) is the time delay of pump (Stokes) pulse. Moreover, Ω p0 and Ω s0 are the peak values of the Rabi frequencies of pump and Stokes pulses, respectively. For simplicity, we denote Ω p0 = Ω s0 in the following discussion. In addition, k = µ 14 /µ 13 and q = µ 24 /µ 23 present the ratios between the intersubband dipole moments of the relevant transitions, and
is the unit polarization vector of the corresponding laser field) denotes the dipole moment for the transition between subbands |i and |j . In our structure, the dipole moments ratios could be calculated to be k = −0.70 and q = 0.90.
In the four-subband QW structure, the direct optical resonance |1 (|2 ) → |c (|c is the continuum subband) is much weaker than those mediate resonance paths |3 (|4 ) → |1 and |3 (|4 ) → |2 , thus the influence of the direct transition |1 (|2 ) → |c could be ignored [27] . In addition, when the electron sheet density smaller than 10 12 cm −2 and with the actual temperature at 10 K, the electron-electron effects have very small influence in our results. Under these assumptions, following the standard processes [30] , the system dynamics could be described by the motion equations for the matrix elements in a rotating frame:
with ρ ij = ρ * ij and the electron conservation condition ρ 11 + ρ 22 + ρ 33 + ρ 44 = 1. Here, ω ij (i, j = 1 − 4, i = j) = ω i − ω j is the resonant frequency between subbands |i and |j , and ω i (i = 1 − 4) is the frequency of the subband |i . ω 43 = ω 4 − ω 3 is the energy splitting between levels |4 and |3 , given by the coherent coupling strength of the electron tunneling. ∆ p = ω p − ω 31 is the detuning of the pump laser from the resonant transition |1 → |3 , and ∆ s = ω s − ω 32 is the detuning between the frequency of the Stokes laser and the transition frequency ω 32 . The population decay rates and dephasing decay rates are added phenomenologically in the above density-matrix. The population decay rates for subband |i denoted by γ i , are due primarily to longitudinaloptical (LO) phonon emission events at low temperature. The total decay rates (Γ ij (i = j)) are given by
, where the pure dephasing decay rate γ dph ij is determined by electronelectron effects, interface roughness, and phonon scattering process. For temperature up to 10 K with electron sheet densities smaller than 10 12 cm −2 , the dephasing rates could be estimated [15] to be γ −9 meV. For our QWs considered, the population decay rates turn out to be γ 3 = 1.58 meV, γ 4 = 1.50 meV, and γ 2 = 2.36 × 10 −9 meV. The Fano interference factor η = √ γ 3 γ 4 represents the mutual coupling of subbands |3 and |4 arising from the tunneling to the continuum through the thin barrier. We define ǫ = η/ √ Γ 13 Γ 14 for assessing the strength of the cross coupling, where the limit values ǫ = 0 and ǫ = 1 correspond to no interference (negligible coupling between |3 and |4 ) and perfect interference (no dephasing), respectively. From the above estimates, we obtain ǫ = 0.83, which could be augmented by decreasing the temperature which generally leads to smaller dephasing γ dph ij .
III. THE COHERENT ELECTRON POPULATION TRANSFER
In this section, we will investigate the achievement of perfect coherent electron population transfer in an asymmetric semiconductor QW system interacting with a counterintuitively ordered pulses (i.e., the Stokes pulse precedes the pump pulse), by properly adjusting the QW structure parameters, such as the sign of quantum interference due to resonance tunneling, the splitting of the excited doublet(the coupling strength of the tunneling), as well as the coupling strength of Fano-type interference.
Without the consideration of the electron dephasing and population decays of the excited doublet, the foursubband QW structure is similar to the excited-doublet four-level atom system [24, 25, 26] , in which some [25] of us have demonstrate that the dark states could exist with the contribution from the excited doublet, and the behavior of adiabatic passage depends crucially on the detunings between the laser frequencies and the atomic transition frequency. When the pump and Stokes fields keep two-photon resonance, but are not tuned at the midpoint of the excited doublet, only one dark state exists, which is
where tan θ = Ω p /Ω s , and θ is the mixing angle used in standard STIRAP. In the adiabatic regime, a complete population transfer from an initial state |1 to another target state |2 can be realized with counterintuitively ordered pulses, just as in the three-level Λ system [1] . However, when both pump and Stokes fields are tuned to the center of the two upper levels, there exist two dark states, one is the trapped state of Eq. (11), and the other is
where tan ϕ = ω 43 /2/ 2 Ω 2 s + Ω 2 p , and ϕ is an additional mixing angle related to the energy separation of the excited doublet. For a counterintuitively ordered pulses, due to the nonadiabatic coupling between the two degenerate states φ 0 and φ 1 , the system vector Ψ(∞) is a mixture of the two bare states |1 and |2 , as follows
where
′ is the Berry phase [25] . Obviously, an arbitrary superposition of atomic states can be prepared when ω 43 is comparable to Ω p and Ω s . It can also be seen from Eq. (13) that, if ω 43 is much larger than Ω p and Ω s , then ϕ nearly equals π/2, and almost no population transfer can occur; while if the energy separation of the doublet ω 43 is far smaller than the peak Rabi frequencies Ω p and Ω s , then ϕ is nearly equal to zero, and the population transfer behaves almost in the same manner as that in the Λ-type three-level system.
It should be emphasized that the results obtained in Ref. [25] are based on the relationship Ωp kΩp = Ωs qΩs , which means k = q. Indeed, the condition k = q could be approximately fulfilled, when we design the asymmetric double QWs with the continuum adjacent to the shallow well, under which both wave functions of subbands |3 and |4 are symmetric [29] . However, the coherent population transfer could be suppressed due to the destructive interference when the dephasing and population decays of the excited doublet are taken into account[ Fig. 2(b) ], as analyzed in Ref. [26] within the excited doublet fourlevel atomic system with spontaneous decay-induced coherence. In our structure, we design an asymmetric QW with the continuum adjacent to the deep well, owing to resonant tunneling, the wave functions of subbands |3 and |4 are symmetric and asymmetric combinations of |se and |de (see Fig. 1 ). As a result, kq < 0, i.e., the relationship k = q can't be held. When the pump and Stokes fields keep two-photon resonance, no dark states exist in our structure. However, when the electron dephasing and population decays of the excited doublet are taken into account, the almost complete electron population transfer from an initial subband to another target subband could be realized due to the constructive interference from resonance tunneling with a finite pulse area.
By numerically solving the density matrix equations [Eqs. (1)- (10)], we will investigate the effects of the sign of resonance tunneling on the electron population transfer in a four-subband quantum well structure with a continuum adjacent to the deep or shallow well. Figure. 2(a) presents the time evolution of the populations in the four subbands of QWs [ Fig. 1 ] with the element ratios k = −0.70 and q = 0.90, for the pump and Stokes fields keeping the two-photon resonance and tuned midway between the excited doublet |3 and |4 . The fields parameters are taken as Ω p0 = Ω s0 = 2.6 meV, τ = 10 meV −1 , T s = 30 meV −1 , and T p = 50 meV −1 , and the Rabi frequency is quite smaller than the energy splitting of the excited doublet ω 43 = 11.76 meV. For comparison, Figure. 2(b) gives the time evolution of the populations in four-subband QWs with the continuum adjacent to the shallow well, which is similar to that in Fig.1b in Ref. [29] , with the element ratios k = 0.70 and q = 0.90. It can be seen that the electron population transfer is dramatically modified by the sign of the interference(destructive or constructive) due to resonant tunneling. In the case of k = 0.70 and q = 0.90, in which the dipole moments between the two upper subbands and each of the two lower subbands are parallel, only a part of populations can be transferred from subband |1 to subband |2 [ Fig. 2(b) ]. This phenomenon is due to the destructive interference via spontaneous decay pathways which prevents the electron population in subband |1 from being excited by the pump field. That is to say, the asymmetric QW structure with the continuum adjacent to the shallow well is not suitable for the investigation of electron population transfer with the pump and Stokes fields tuned midway between the excited doublet. However, in contrast, by constructing the continuum adjacent to the deep well through the thin barrier(see in Fig. 1) , the sign of the transition matrix element changes as k = −0.70, and q = 0.90. When the pump and Stokes fields keep the two-photon resonance and are tuned at the center of the excited doublet, an almost complete electron population transfer could be realized due to the constructive interference via resonant tunneling which suppresses the effects of the quantum coherence of spontaneous decays, as shown in Fig. 2(a) . Therefore, the perfect electron population transfer could be achieved by suitably modulating the sign of the interference induced by resonant tunneling, which could be obtained by varying the direction of tunneling from the excited doublet to a common continuum [29] .
Then, we analyze how the energy splitting of the excited doublet, which is given by the coupling strength of the tunneling, effects the electron population transfer behavior. For our structure, the splitting on resonance is given by the coupling strength and could be controlled by adjusting the height and width of the tunneling barrier. While keeping other parameters fixed except the width of the tunneling barrier between different quantum wells, we present the time evolution of the populations in the four subbands with different splittings of the excited doublet in Fig. 3 . Compared with Fig. 2(a) , it is can be seen that, the perfect electron population transfer occurs when the splitting ω 43 is much smaller [ω 43 = 5.93 meV in Fig. 3(a) ]. As further decreasing the splitting [even smaller than the peak Rabi frequencies Ω p and Ω s ], the electron populations could also be completely transferred from the initial subband |1 to the target subband |2 , which is not shown here. While with increasing the splitting of the excited doublet, the electron population transfer becomes lower, such as ω 43 = 25.38 meV in Fig. 3(b) . The results are in accordance with the analysis from Eq. (13), which could also be well understood from the final populations as a function of the one-photon resonance satisfied under different values of the splittings of excited doublet, as shown in Fig. 4 .
From Fig. 4 , we find that nearly complete electron population transfer from the initial subband |1 to the target subband |2 at the middle point of the two onephoton resonances with smaller splitting of excited doublet [ω 43 = 5.93 meV in Fig. 4(a) and ω 43 = 11.76 meV in Fig. 4(b) ]. As the energy splitting of the excited doublet are much larger than the laser field Rabi frequency [ω 43 = 25.38 meV], the electron population transfer efficiency at the middle point decreases with the limited pulse area. Therefore, the almost complete electron population transfer could be controlled simply by adjusting the energy splitting of the excited doublet, i.e., the width or the height of the tunneling barrier. Therefore, the almost electron population transfer to an target subband in QWs could be controlled by appropriately adjusting the tunneling barrier. In addition, the effects of the strength or quality of the Fano-type interference on electron population transfer behavior could be clearly seen from Fig. 5 . From this figure, we can see that the population transfer efficiency increases as the strength of interference ε increasing. The reason is that, the increase of the strength of the interference, which means the decrease of the dephasing process, enhances the coherence from the constructive quantum interference. As a result, we can achieve an almost complete electron population transfer via properly increasing the Fano interference, which could be achieved by decreasing the temperature. It should be noted that a change in the splitting of excited doublet may be connected to a slight change in dephasing and decay rates. However, via properly adjusting other physical variables such as temperatures, interface roughness scattering and so on, we believe that some experimental scientists have adequate wisdom to keep them unchanged. As a matter of fact, Fig. 2(a) .
we have tried several other values of dephasing rates γ , and population decay rates γ 2 , γ 3 , γ 4 with the changes of the splitting of the excited doublet, similar coherent population transfer behavior could also be obtained for these different choices. In view of this, we could keep dephasing and decay rates fixed in Figs. 3 and 4 .
IV. CONCLUSIONS
In conclusion, we have investigated the controllability of coherent electron population transfer in an asymmetric double QW structure with a common continuum interacting with counterintuitively ordered pulses. Based on the numerical results of the motion equations of element moments, the perfect electron population transfer could be achieved by efficiently optimizing the semiconductor QW structure parameters, such as the direction and the coupling strength of the tunneling from the excited doublet to the common continuum, and the coupling strength of the Fano interference. It is more practical to control the population transfer behavior in the QW systems than in the atomic systems because of its flexible design and the controllable interference strength.
